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(57) ABSTRACT

A network device can be configured to dynamically vary a
total back-off duration. The network device can determine a
total transmit duration for transmitting data on a communi-
cation medium. If the total transmit duration exceeds a pre-
determined transmit interval associated with the data, the
network device can determine the total back-off duration
based, at least in part, on the total transmit duration and the
predetermined transmit interval. The network device can ini-
tiate the total back-oft duration by deferring data transmis-
sion on the communication medium during the total back-off
duration. In some embodiments, if the network device imple-
ments multiple consecutive back-off intervals, the network
device can determine whether to vary the duration ofa second
back-off interval depending on whether a transmission by
another network device is detected on the communication
medium after a first back-off interval elapses.
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FLEXIBLE TRANSMISSION AND BACK-OFF
INTERVALS IN NETWORK DEVICES

RELATED APPLICATION

This application claims the priority benefit of U.S. Provi-
sional Application Ser. No. 61/774,414 filed on Mar. 7, 2013.

BACKGROUND

Embodiments of the inventive subject matter generally
relate to the field of communication networks and, more
particularly, to implementing flexible transmission and back-
off intervals in a network device.

Wireless local area network (WLAN) devices typically use
medium contention protocols (e.g., carrier sense multiple
access and collision avoidance (CSMA/CA) protocols) to
regulate access to a shared WLAN communication medium.
For example, the contention protocols can enable each
WLAN device to determine whether to transmit on the
WLAN communication medium and how to avoid collisions
with other transmissions. In accordance with IEEE 802.11
communication protocols, a WLAN device attempting to
transmit data can initiate a random back-off interval prior to
transmitting the data. The WL AN device can defer transmit-
ting the data until after the random back-off interval elapses.

SUMMARY

Various embodiments for implementing flexible transmis-
sion and back-off intervals in a network device are disclosed.
In one embodiment, the network device determines a total
back-off duration based, at least in part, on a total transmit
duration for transmitting on a communication medium and a
predetermined transmit interval. The network device initiates
the total back-off duration to prevent transmission on the
communication medium during the total back-off duration.

BRIEF DESCRIPTION OF THE DRAWINGS

The present embodiments may be better understood, and
numerous objects, features, and advantages made apparent to
those skilled in the art by referencing the accompanying
drawings.

FIG. 1 is an example conceptual diagram illustrating a
mechanism for implementing flexible transmission and back-
off intervals;

FIG. 2A is a flow diagram illustrating example operations
of one embodiment for determining a back-off duration;

FIG. 2B is a flow diagram illustrating example operations
of another embodiment for determining a back-off duration;

FIG. 3A is a flow diagram illustrating example operations
of'one embodiment for implementing flexible back-off inter-
vals;

FIG. 3B is a flow diagram illustrating example operations
of another embodiment for implementing flexible back-off
intervals;

FIG. 4A is a flow diagram illustrating example operations
of'one embodiment for dynamically varying the total back-off
duration;

FIG. 4B is a flow diagram illustrating example operations
of another embodiment for dynamically varying the total
back-off duration;

FIG. 5 depicts example timing diagrams of two network
devices that dynamically vary the total back-off duration in
the communication network; and
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FIG. 6 is a block diagram of one embodiment of an elec-
tronic device including a mechanism for flexible transmission
and back-off intervals.

DESCRIPTION OF EMBODIMENT(S)

The description that follows includes exemplary systems,
methods, techniques, instruction sequences, and computer
program products that embody techniques of the present
inventive subject matter. However, it is understood that the
described embodiments may be practiced without these spe-
cific details. For instance, although examples refer to opera-
tions for implementing flexible transmission and back-off
intervals in a WLAN device, embodiments are not so limited.
In other embodiments, the operations for flexible transmis-
sion and back-off intervals can be executed by network
devices that implement other suitable communication proto-
cols and standards (e.g., WiIMAX, powerline communication
(PLC), Ethernet, etc.). In other instances, well-known
instruction instances, protocols, structures, and techniques
have not been shown in detail in order not to obfuscate the
description.

In accordance with IEEE 802.11 communication proto-
cols, a network device is typically assigned a predetermined
transmit interval, also referred to as a transmit opportunity
(TXOP) limit. The predetermined transmit interval is a time
duration during which the network device can continuously
access the communication medium without initiating a back-
off interval. Depending on the type and priority of data being
transmitted, the network device may transmit communica-
tions for the transmit interval (i.e., the TXOP limit). After the
transmit interval elapses, the network device relinquishes
control of the communication medium and defers transmis-
sion for a predetermined back-off interval to allow other
contending network devices to gain control of the communi-
cation medium. An example transmission/back-off sequence
can be represented by: back-off transmit, back-off transmit,
etc., where each transmit time period is less than or equal to
the predetermined transmit interval. Thus, a transmitting net-
work device may transmit communications only during the
transmit interval and may temporarily relinquish control of
the communication medium to other contending network
devices. This can cause data scheduled for transmission to
become less useful or stale. Particularly in the case of time-
sensitive data (e.g., sounding data, beamforming parameters,
etc.), initiating the back-off interval and relinquishing control
of the communication medium after one transmit interval can
reduce the usefulness of the time-sensitive data. This can also
reduce the efficiency of communication systems (e.g., a
multi-user multiple-input multiple-output (MU-MIMO) sys-
tems, beamforming systems, etc.).

In some embodiments, a network device can be configured
to gain control of the communication medium for multiple
consecutive transmit intervals (e.g., multiple consecutive
TXOP limits). For example, the network device can deter-
mine the number of transmit intervals for which it will have
control of the communication medium depending on the
amount of data available for transmission and/or the duration
of'the transmit interval. After maintaining control of the com-
munication medium (e.g., transmitting data) for a total trans-
mit duration that is greater than the transmit interval, the
network device can initiate multiple consecutive back-off
intervals. For example, if the network device transmits data
on the communication medium for two consecutive transmit
intervals, the network device can initiate two consecutive
back-off intervals, as illustrated by the following transmis-
sion/back-off sequence: transmit, transmit, back-off back-off
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transmit, transmit, back-off back-off etc. Furthermore, in
some embodiments, when the network device implements
multiple consecutive back-off intervals, the network device
can determine whether to vary the duration of a subsequent
back-off interval depending on whether a transmission by
another network device is detected on the communication
medium. For example, the network device may determine to
implement consecutive back-off intervals. In this example,
the network device may determine whether to vary the dura-
tion of a subsequent back-off interval depending on whether
transmissions of other devices are detected after a current
back-off interval elapses.

Clustering/grouping multiple transmit intervals can enable
the network device to maintain control of the communication
medium for a longer duration. This can help ensure that the
network device relinquishes control of the communication
medium after it transmits the time-sensitive data that is sched-
uled to be transmitted. Grouping multiple transmit intervals
can also be useful for network devices and systems that rely
on the “freshness” of the transmitted data. Also, implement-
ing multiple back-off intervals when the network device gains
control of the communication medium for multiple consecu-
tive transmit intervals can help ensure fairness among net-
work devices on the communication medium.

FIG. 1 is an example conceptual diagram illustrating a
mechanism for implementing flexible transmission and back-
off intervals. FIG. 1 depicts a communication network 100
including network devices 102, 104, and 110. The network
device 102 includes a time-interval calculation unit 106 and a
transceiver unit 108. Although not depicted in FIG. 1, the
network devices 104 and 110 can also include a time-interval
calculation unit and a transceiver unit similar to the network
device 102. In some embodiments, the network devices 102,
104, and 110 can each be electronic devices, such as a laptop
computer, a tablet computer, a mobile phone, a smart appli-
ance, a gaming console, an access point, a desktop computer,
a wearable device, or other suitable electronic devices. The
network devices 102, 104, and 110 can each be configured to
implement one or more communication protocols (e.g., the
communication network 100 can be a WLAN and the net-
work devices 102, 104, and 110 can each be WL AN devices).
In some embodiments, in addition to WLAN communication
protocols, the network devices 102, 104, and 110 may each
implement other protocols and related functionality to enable
other types of communications (e.g., BLUETOOTH® (Blue-
tooth), Ethernet, WIMAX, PLC, etc.). Furthermore, in some
embodiments, the network devices 102, 104, and 110 may
each include one or more radio transceivers, processors, ana-
log front-end (AFE) units, memory, other components, and/
or other logic to implement the communication protocols and
related functionality.

In one embodiment, the network device 102 may deter-
mine to transmit data to another network device (e.g., the
network device 110) in the communication network 100. The
network device 102 can contend with the other network
devices 104 and 110 for control and the opportunity to trans-
mit on the communication medium. The network device 102
can randomly select a back-off interval based, at least in part,
on a predetermined back-off contention window. The back-
off contention window can be a preferred number of commu-
nication time slots for which the network device 102 should
defer transmission before attempting to gain control of the
communication medium. A communication time slot may
refer to the smallest unit of time for which the network
devices 102, 104, and 110 may transmit data or defer trans-
mission on the communication medium. Accordingly, in one
embodiment, the back-off contention window may be a maxi-
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4

mum number of communication time slots for which the
network device 102 may not contend for control of the com-
munication medium. For example, the back-off contention
window may include 15 communication time slots, 31 com-
munication time slots, or another suitable number of time
slots. The back-off interval can be selected by selecting a
random number between a suitable lower limit (e.g., zero)
and the back-off contention window. For example, if the
back-off contention window includes 31 communication
time slots, the back-off interval can be determined by select-
ing arandom number between 0 and 31. In one example, if the
back-off time interval is defined as 10 communication time
slots, the network device 102 may not transmit data or attempt
to gain control of the communication medium for 10 commu-
nication time slots. After the back-off interval elapses, the
network device 102 can determine whether the communica-
tion medium is busy (e.g., whether the communication
medium is in use by network device 110 or network device
104). If the communication medium is busy, the network
device 102 can select and initiate another back-off interval.
For example, the network device 102 can initiate another
back-off interval that is twice the previous back-off interval.
If'the communication medium is not busy, the network device
102 can gain control of the communication medium and
transmit data.

After the network device 102 gains control of the commu-
nication medium, the transceiver unit 108 can start transmit-
ting buffered data to the network device 110. The time-inter-
val calculation unit 106 can keep track of the duration for
which the network device 102 transmits data on the commu-
nication medium. The duration for which the network device
102 consecutively transmits data on the communication
medium is referred to as “total transmit duration.” The time-
interval calculation unit 106 can also determine a predeter-
mined transmit interval or transmit opportunity (TXOP) limit
based, at least in part, on the priority and type of data that was
transmitted during the total transmit duration. In some
embodiments, channel access ina WL AN can be governed by
an enhanced distributed channel access (EDCA) protocol.
The EDCA protocol can define multiple channel access pri-
orities and data types, each of which is associated with a
different predetermined transmit interval. In one example,
there may be four access priorities and each of the access
priorities may be associated with a different predetermined
transmit interval. For example, a first access priority may be
associated with a 2 ms transmit interval, a second access
priority may be associated with a 4 ms transmit interval, and
so on. The time-interval calculation unit 106 can determine a
number of consecutive transmit intervals for which the net-
work device 102 transmitted data on the communication
medium. For example, if the transmit interval is 2 ms and the
total transmit duration is 6 ms, the time-interval calculation
unit 106 can determine that the network device 102 had
control of the communication medium for three consecutive
transmit intervals. After having control of the communication
medium for multiple transmit intervals (e.g., the 6 ms total
transmit duration), the network device 102 can defer trans-
mission for multiple consecutive back-off intervals. The total
amount of time for which the network device 102 defers
transmission is referred to as “total back-off duration.” Dur-
ing the total back-off duration, the network device 102 may
not contend for control of the communication medium and
may not transmit data on the communication medium. After
the total back-off duration elapses, the network device 102
may attempt to gain control of the communication medium.

The time-interval calculation unit 106 can employ various
techniques to calculate the total back-off duration. In one
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embodiment, the time-interval calculation unit 106 can deter-
mine a back-off interval based, atleast in part, on the back-off
contention window. For example, the time-interval calcula-
tionunit 106 can randomly select a back-off interval based, at
least in part, on the back-off contention window. In one
embodiment, the back-off contention window may be a maxi-
mum time interval (e.g., a maximum number of communica-
tion time slots) during which the network device 102 may not
contend for control of the communication medium. The time-
interval calculation unit 106 can determine the total back-off
duration as a multiple of the back-off interval. In one embodi-
ment, the number of back-off intervals that should be grouped
together to form the total back-off duration can be determined
by dividing the total transmit duration by the predetermined
transmit interval (i.e., the TXOP limit), as depicted by Eq. 1.
In Eq. 1, the “round-up” function can be used to round up the
result to the next integer.

No. of backoff intervals = Eq. 1

total transmit duration
round-up)| - —
predetermined transmit interval

Referring to Eq. 1, if the result of dividing the total transmit
duration by the predetermined transmit interval is 2.2, the
time-interval calculation unit 106 can round-up the result to
yield three back-off intervals. In another embodiment, the
number of back-off intervals may be determined by dividing
the total transmit duration by the predetermined transmit
interval and rounding the result to the nearest whole number.
For example, if the result of dividing the total transmit dura-
tion by the predetermined transmit interval is 2.2, the time-
interval calculation unit 106 can round the result to yield two
back-off intervals. In another embodiment, the time-interval
calculation unit 106 may not round the result of dividing the
total transmit duration by the predetermined transmit interval.
In this embodiment, the time-interval calculation unit 106
may use a fractional (i.e., non-whole number) result to deter-
mine the total back-off duration.

In one embodiment, the time-interval calculation unit 106
can determine the total back-off duration by multiplying the
number of back-off intervals with the selected back-off inter-
val, as depicted in Eq. 2.

Total backoff duration=No. of backoff

intervals*backoff interval Eq. 2

In another embodiment, the time-interval calculation unit
106 can calculate the total back-off duration as depicted by
Eq. 3. As depicted by Eq. 3, the total back-off duration can be
calculated without rounding off the result of dividing the total
transmit duration by the predetermined transmit interval (i.e.,
the number of predetermined transmit intervals). In other
words, the total back-off duration can be calculated by mul-
tiplying the back-off interval by the number of predetermined
transmit intervals that were used in the preceding total trans-
mit duration.

Total backoff duration= Eq. 3

total transmit duration i
- — =backoff interval
predetermined transmit interval

In another embodiment, the time-interval calculation unit
106 can multiply the back-off contention window by the
number of predetermined transmit intervals that were used in
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the preceding total transmit duration to yield an effective
back-off contention window. As discussed above, the back-
off contention window can indicate a preferred number of
communication time slots for which the network device
should defer transmission on the communication medium.
For example, the back-off contention window can indicate a
maximum number of communication time slots for which the
network device 102 should defer transmission and not con-
tend for control of the communication medium. The time-
interval calculation unit 106 can calculate an effective back-
off contention window, as depicted by Eq. 4. The effective
back-off contention window can be greater than, less than, or
equal to the current back-off contention window depending
on whether the total transmit duration is greater than, less
than, or equal to the predetermined transmit interval, respec-
tively. The time-interval calculation unit 106 can then select
the total back-off duration by selecting a random value
between zero and the effective back-off contention window.

Effective contention window = Eq. 4

ror. transmit duration . .
- — « contention window
predetermined transmit interval

FIG. 2A is a flow diagram (“flow”) 200 illustrating
example operations of one embodiment for determining a
back-off duration. The flow 200 begins at block 202

At block 202, a network device determines a total back-off
duration based, at least in part, on a total transmit duration for
transmitting on a communication medium and a predeter-
mined transmit interval. The time-interval calculation unit
106 can keep track of the amount of time the network device
102 transmitted data on the communication medium. In some
embodiments, the transmit duration for which the network
device 102 had control of the communication medium may be
determined based, at least in part, on the amount of data
transmitted by the network device 102. Additionally, the
time-interval calculation unit 106 may select an appropriate
transmit interval depending on the priority of the data trans-
mitted by the network device 102. In some embodiments, the
time-interval calculation unit 106 may determine the total
back-off duration if the total transmit duration exceeds the
predetermined transmit interval. The network device 102 may
transmit communications on the communication medium for
multiple consecutive transmit intervals (e.g., to ensure that
time-sensitive data does not become invalid). The network
device 102 may determine the total back-off duration in order
to implement multiple consecutive back-off intervals prior to
starting the next transmit duration and transmitting the next
set of data. The time-interval calculation unit 106 can use
various techniques to determine the total back-off duration.
For example, the time-interval calculation unit 106 can deter-
mine the total back-off duration using Eq. 1 and Eq. 2, Eq. 3,
or Eq. 4 described above. The flow continues at block 204.

At block 204, the network device initiates the total back-off
duration to prevent data transmission from the network
device on the communication medium during the total back-
off duration. In some embodiments, the time-interval calcu-
lation unit 106 can implement a back-off timer that keeps
track of how long the network device 102 should defer trans-
mitting data and contending for control of the communication
medium. In some embodiments, the time-interval calculation
unit 106 can determine whether the selected number of suc-
cessive back-off intervals has elapsed. For example, if the
time-interval calculation unit 106 determines that the net-
work device 102 should implement five consecutive back-off
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intervals, the time-interval calculation unit 106 can determine
whether five consecutive back-off intervals have elapsed. In
other embodiments, the time-interval calculation unit 106 can
access the back-off timer to determine whether the total back-
off duration has elapsed. In another embodiment, the back-off
timer or another background process may generate an inter-
rupt (or other trigger signal) when the total back-off duration
elapses. After the total back-off duration elapses, the network
device may attempt to regain control of the communication
medium. The network device may initiate data transmissions
after gaining control of the communication medium. From
block 204, the flow ends.

FIG. 2B is a flow diagram 250 illustrating example opera-
tions of another embodiment for determining a back-off dura-
tion. The flow 250 begins at block 252.

At block 252, a network device determines a total transmit
duration for transmitting data on a communication medium.
The network device 102 can contend with other network
devices (e.g., the network devices 104 and 110) in the com-
munication network 100 for control of a shared communica-
tion medium. After the network device 102 gains control of
the communication medium, the transceiver unit 108 can
transmit data to the network device 110. The time-interval
calculation unit 106 can keep track of the amount of time for
which the network device 102 transmitted data on the com-
munication medium. In some embodiments, the transmit
duration for which the network device 102 had control of the
communication medium may be determined based, at least in
part, on the amount of data transmitted by the network device
102. The flow continues at block 254.

At block 254, the network device determines that the total
transmit duration exceeds a predetermined transmit interval.
The transmit interval (i.e., the TXOP limit) can be a prede-
termined time interval during which the network device 102
can continuously transmit communications without back-off.
The network device 102 may have a different transmit interval
depending on the type and priority of data that was transmit-
ted. For example, IEEE 802.11 communication protocols
may indicate four access priorities (or priority levels).
Accordingly, the network device 102 may have four transmit
intervals—one for each of the access priorities. The time-
interval calculation unit 106 may select an appropriate trans-
mit interval depending on the priority of the communications
transmitted by the network device. In one example, the time-
interval calculation unit 106 may determine that “best effort”
data (e.g., moderate priority data) was transmitted on the
communication medium. In this example, the time-interval
calculation unit 106 may select a transmit interval (e.g., a2 ms
transmit interval) that corresponds to the “best effort” data
type. After transmitting data for multiple consecutive trans-
mit intervals, the network device 102 may defer data trans-
mission for multiple consecutive back-off intervals to main-
tain fairness with other network devices on the
communication medium. The flow continues at block 256.

At block 256, the network device determines a total back-
off duration based, at least in part, on the total transmit dura-
tion and the predetermined transmit interval. The network
device 102 may transmit communications on the communi-
cation medium for multiple consecutive transmit intervals
(e.g., to ensure that time-sensitive data does not become
invalid). The network device 102 may determine the total
back-off duration in order to implement multiple consecutive
back-off intervals prior to starting the next transmit duration
and transmitting the next set of data. The time-interval calcu-
lation unit 106 can use various techniques to determine the
total back-off duration. For example, the time-interval calcu-
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lation unit 106 can determine the total back-off duration using
Eq. 1 and Eq. 2, Eq. 3, or Eq. 4 described above. The flow
continues at block 258.

At block 258, the network device initiates the total back-off
duration to prevent data transmission from the network
device on the communication medium during the total back-
off duration. In some embodiments, the time-interval calcu-
lation unit 106 can implement a back-off timer that keeps
track of how long the network device 102 should defer trans-
mitting data and contending for control of the communication
medium. In some embodiments, the time-interval calculation
unit 106 can determine whether the selected number of suc-
cessive back-off intervals has elapsed. For example, if the
time-interval calculation unit 106 determines that the net-
work device 102 should implement five consecutive back-off
intervals, the time-interval calculation unit 106 can determine
whether five consecutive back-off intervals have elapsed. In
other embodiments, the time-interval calculation unit 106 can
access the back-off timer to determine whether the total back-
off duration has elapsed. In another embodiment, the back-off
timer or another background process may generate an inter-
rupt (or other trigger signal) when the total back-off duration
elapses. After the total back-off duration elapses, the network
device may attempt to regain control of the communication
medium. The network device may initiate data transmissions
after gaining control of the communication medium. From
block 258, the flow ends.

FIG. 3A is a flow diagram 300 illustrating example opera-
tions of one embodiment for implementing flexible back-off
intervals. The flow 300 begins at block 302.

Atblock 302, anetwork device determines whether a trans-
mission by another network device is detected on a commu-
nication medium if a first back-off interval has elapsed and a
second back-off interval follows the first back-off interval. In
some embodiments, the network device may determine a
number of consecutive back-off intervals based, at least in
part, a total transmit duration and a predetermined transmit
interval during which the network device 102 can continu-
ously transmit data on the communication medium. For
example, the number of consecutive back-off intervals that
comprise the total back-off duration may include a first back-
off interval followed by a second back-off interval. In this
example, after the first back-off interval elapses, the network
device 102 can determine whether another network device
initiated a transmission on the communication medium. this
check can help the network device 102 determine whether to
extend the duration of subsequent back-off intervals (e.g., the
second back-off interval). The flow continues at block 304.

At block 304, the network device determines whether to
vary the duration of the second back-off interval based, at
least in part, on whether the transmission by another network
device is detected on the communication medium. if a trans-
mission by another device was detected after the first back-off
interval elapsed, the network device may execute operations
as if a collision has occurred. In one embodiment, if a trans-
mission by another device was detected after the first back-off
interval elapsed, the network device may increase the dura-
tion of the second back-off interval. From block 304, the flow
ends.

FIG. 3B is a flow diagram 350 illustrating example opera-
tions of another embodiment for implementing flexible back-
off intervals. The flow 350 begins at block 352.

At block 352, a network device determines that a total
transmit duration for transmitting data exceeds a predeter-
mined transmit interval associated with the data. The time-
interval calculation unit 106 can keep track of the amount of
time for which the network device 102 transmitted commu-
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nications on the communication medium. Also, the transmit
interval can be a predetermined time interval during which
the network device 102 can continuously transmit data on the
communication medium. After transmitting data for multiple
consecutive transmit intervals, the network device 102 may
defer data transmission for multiple consecutive back-off
intervals to maintain fairness with other network devices on
the communication medium. The flow continues at block 354.

At block 354, the network device determines a number of
consecutive back-off intervals based, at least in part, the total
transmit duration and the predetermined transmit interval. In
other words, the network device determines the total back-off
duration to implement after the total transmit duration
elapses. For example, the time-interval calculation unit 106
can use one of the techniques described above (e.g., Eq. 1) to
determine the number of consecutive back-off intervals that
should be implemented at the network device. The flow con-
tinues at block 356.

At block 356, if a first back-off interval has elapsed and a
second back-off interval follows the first back-offinterval, the
network device determines whether a transmission by
another network device is detected on the communication
medium. For example, the number of consecutive back-off
intervals that comprise the total back-off duration may
include a first back-off interval followed by a second back-off
interval. In this example, after the first back-off interval
elapses, the network device 102 can determine whether
another network device initiated a transmission on the com-
munication medium. In some embodiments, this check can
help the network device 102 determine whether to extend the
duration of subsequent back-off intervals (e.g., the second
back-off interval). The flow continues at block 358.

At block 358, the network device determines whether to
vary the duration of the second back-off interval based, at
least in part, on whether the transmission by another network
device is detected on the communication medium. If a trans-
mission by another device was detected after the first back-off
interval elapsed, the network device may execute operations
as if a collision has occurred. In one embodiment, if a trans-
mission by another device was detected after the first back-off
interval elapsed, the network device may increase the dura-
tion of the second back-off interval. From block 358, the flow
ends.

FIG. 4A is a flow diagram 400 illustrating example opera-
tions of one embodiment for dynamically varying the total
back-off duration. The flow 400 begins at block 402.

At block 402, a back-off interval is initiated at a network
device. In some embodiments, the time-interval calculation
unit 106 can implement a back-oft timer that keeps track of
each back-off interval. The time-interval calculation unit 106
can store a value of the back-off interval in the back-off timer.
The time-interval calculation unit 106 can determine that one
back-off interval has elapsed after the back-off timer counts
down to zero. The flow continues at block 404.

At block 404, the network device determines whether the
back-off interval has elapsed. In some embodiments, the
time-interval calculation unit 106 can receive a notification
(e.g., an interrupt or a trigger signal) from the back-off timer
when the back-off interval elapses. In other embodiments, the
time-interval calculation unit 106 can periodically access the
back-off timer to determine whether the back-off interval has
elapsed. If the back-off interval has not elapsed, the flow
loops back to block 404, where the network device 102 waits
until the back-off interval elapses. If the back-off interval has
elapsed, the flow continues at block 406.

Atblock 406, it is determined whether the elapsed back-off
interval is an intermediate back-off interval. A back-off inter-
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val that precedes another back-off interval may be referred to
as an “intermediate back-off interval.” For example, the time-
interval calculation unit 106 may determine that the network
device 102 should implement two consecutive back-off inter-
vals—a first back-off interval and a second back-off interval.
In this example, if the second back-off interval follows the
first back-off interval, the first back-off interval may be
referred to as an intermediate back-off interval. However, the
second back-off interval may not be an intermediate back-off
interval because there is no additional back-off interval that
immediately follows the second back-off interval. In some
embodiments, the time-interval calculation unit 106 may
determine whether the total back-oft duration has elapsed. As
described above, the total duration of the selected number of
back-off intervals may be referred to as the total back-off
duration. Referring to the above example, the total back-off
duration may include the first back-off interval followed by
the second back-off interval. It is noted that in other embodi-
ments, the total back-off duration may include any suitable
number of back-offintervals (e.g., one back-off interval, three
or more back-off intervals, etc.). If the total back-off duration
has not elapsed, this indicates that the network device 102 will
initiate at least one other back-off interval (e.g., the second
back-off interval) before the next transmission interval. How-
ever, if the total back-off duration has elapsed, this indicates
that the network device will not initiate additional back-off
intervals before the next transmission interval. Thus, if the
elapsed back-off interval is an intermediate back-off interval
(i.e., the total back-oft duration has not elapsed), the flow
continues at block 410. Otherwise, if the elapsed back-off
interval is not an intermediate back-off interval (e.g., the total
back-off duration has elapsed), the flow continues at block
408.

At block 408, if the elapsed back-off interval is not an
intermediate back-off interval, it is determined that the total
back-off duration is elapsed and the network device attempts
to gain control of a communication medium. As discussed
above, the intermediate back-off interval refers to a back-off
interval that is followed by one or more additional back-off
intervals. Thus, if the elapsed back-off interval is not an
intermediate back-off interval, the time-interval calculation
unit 106 can determine that the final/last back-off interval and
the total back-off duration have elapsed. In other words, the
time-interval calculation unit 106 can determine that the
selected number of consecutive back-off intervals have
elapsed. Consequently, the time-interval calculation unit 106
may notify the network device 102 (e.g., the transceiver unit
108) to contend for control of the communication medium, if
needed. After gaining control of the communication medium,
the transceiver unit 108 can transmit data on the communica-
tion medium. From block 408, the flow ends.

At block 410, if the elapsed back-off interval is an inter-
mediate back-off interval, the network device determines
whether transmissions are detected on the communication
medium. For example, the total back-off duration may
include a first back-off interval followed by a second back-off
interval. After the first back-off interval (i.e., the intermediate
back-off interval) elapses, the transceiver unit 108 can sense
the communication medium and determine whether another
network device is transmitting data on the communication
medium. Even though the network device 102 is not permit-
ted to transmit on the communication medium and is config-
ured to implement one or more additional back-off intervals,
this check can help the network device 102 determine
whether to extend the duration of the subsequent back-off
intervals (e.g., the second back-off interval). In some embodi-
ments, the transceiver unit 108 can monitor the communica-



US 9,301,321 B2

11

tion medium for a predetermined sensing time interval to
determine whether there are transmissions on the communi-
cation medium. In one embodiment, the sensing time interval
can span an end portion of the intermediate back-off interval
(e.g., the first back-off interval) and a beginning portion of the
subsequent back-off interval (e.g., the second back-off inter-
val). In another embodiment, the sensing time interval may
only include an end portion of the first back-off interval. In
another embodiment, the sensing time interval may only
include a beginning portion of the second back-oft interval.

In some embodiments, the time-interval calculation unit
106 may determine whether to vary the length of a back-off
contention window based, at least in part, on whether the
transmission is detected on the communication medium. The
back-off contention window may represent a maximum num-
ber of communication time slots for which the network device
defers data transmission on the communication medium. The
time-interval calculation unit 106 may determine whether to
vary the duration of the second back-off interval by determin-
ing whether to vary the length of the back-off contention
window. It is noted that the duration of the second back-off
interval may be determined from the back-off contention
window. If transmissions are not detected on the communi-
cation medium, the flow continues at block 412. Otherwise, if
transmissions are detected on the communication medium,
the flow continues at block 414.

At block 412, if transmissions are not detected on the
communication medium after the intermediate back-off inter-
val elapses, the length of the contention window is set to a
predetermined duration (e.g., a predetermined minimum
duration or a predetermined duration as determined by the
particular implementation or standard specifications). As a
result, the next back-off interval duration may be amended to
coincide with the changes to the contention window. For
example, if the contention window is reset to a minimum
contention window, the next back-off interval can be selected
as arandom number that falls between zero and the minimum
contention window. In other embodiments, the duration of the
next back-off interval may be the same as the duration of the
current back-off interval. The flow then loops back to block
402, where the next back-off interval with the determined
duration is initiated. It is noted that in some embodiments, the
length of the contention window may be selected after initi-
ating the next back-off interval (e.g., while the next back-off
interval is in progress). The length ofthe back-off interval can
be updated depending on the selected length of the contention
window.

At block 414, if transmissions are detected on the commu-
nication medium after the intermediate back-off interval
elapses, the contention window may be modified as if a col-
lision has occurred. In some embodiments, the length of the
contention window may be increased if transmissions are
detected on the communication medium after the intermedi-
ate back-offinterval elapses. As a result, the length of the next
back-off interval may be increased. In some embodiments, if
the network device 102 detects the start of a transmission
from another network device 110 when the intermediate
back-off interval elapses, the network device 102 may inter-
pret this detected transmission as a collision with the network
device 102. Therefore, if the transceiver unit 108 detects
transmissions from another network device on the communi-
cation medium, the time-interval calculation unit 106 can
increase the length of the next back-off interval. For example,
if the total back-off duration includes a first back-off interval
followed by a second back-off interval, transmissions may be
detected after the first back-off interval elapsed. Conse-
quently, the length of the second back-off interval may be
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increased. In some embodiments, the duration of the second
back-off interval may be twice the duration of the first back-
off interval. In other embodiment, the duration of the second
back-off interval may exceed the duration of the first back-off
interval by another suitable factor. In some embodiments, if
the transceiver unit 108 detects transmissions from another
network device on the communication medium, the time-
interval calculation unit 106 can increase the length of the
contention window for determining the second back-off inter-
val. In some embodiments, the length of the contention win-
dow may be increased to twice the length of the current
contention window (that was used for determining the dura-
tion of the first back-off interval). In other embodiment, the
length of the contention window may exceed the length of the
current contention window by another suitable factor. The
duration of the second back-off interval may be selected
based, at least in part, on the increased contention window.
For example, the second back-off interval can be selected as
a random number that falls between zero and the increased
contention window. Proceeding from block 414 to block 402,
the next back-off interval may be initiated. It is noted that in
some embodiments, the length of the contention window may
be selected after initiating the next back-off interval (e.g.,
while the next back-off interval is in progress). The length of
the back-off interval can be updated depending on the
increased length of the contention window.

FIG. 4B is a flow diagram 450 illustrating example opera-
tions of another embodiment for dynamically varying the
total back-off duration. The flow 450 begins at block 452.

Atblock 452, a total transmit duration and a predetermined
transmit interval are determined at a network device based, at
least in part, on data transmitted by the network device. After
the network device 102 gains control of the communication
medium, the transceiver unit 108 can transmit data (e.g.,
data/management frames) to other network devices in the
communication network 100. In some embodiments, the
time-interval calculation unit 106 can determine the total
transmit duration based on the amount of the data transmitted
by the network device 102. For example, the time-interval
calculation unit 106 can determine the total transmit duration
based on the number of frames and the length of each frame
transmitted by the network device 102. In another embodi-
ment, the time-interval calculation unit 106 can implement a
transmit timer to keep track of the duration for which the
network device 102 had control of the communication
medium. In addition, the time-interval calculation unit 106
can also determine the transmit interval (e.g., TXOP limit)
based on the type and priority of the data that was transmitted
during the total transmit duration. The flow continues at block
454.

At block 454, a back-off interval is selected at the network
device. In one embodiment, the time-interval calculation unit
106 can select the back-off interval based, at least in part, on
the back-off contention window and a local random (or
pseudo-random) number generator. The random number gen-
erator can select a value that lies a lower limit (e.g., zero) and
the back-off contention window. The selected value can be
designated as the back-off interval. In another embodiment,
the back-off interval may be predetermined based on the type
and priority of the data that was transmitted during the total
transmit duration. In some embodiments, the back-off inter-
val may be of the same duration as the transmit interval. In
another embodiment, the back-off interval may be another
suitable predetermined value. The flow continues at block
456.

At block 456, a number of consecutive back-off intervals
for which the network device should defer transmission is
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determined based, at least in part, on the total transmit dura-
tion and the predetermined transmit interval. After transmit-
ting data for multiple consecutive transmit intervals, the net-
work device 102 may not transmit data or contend for control
of the communication medium during multiple consecutive
back-off intervals. In one embodiment, as depicted in Eq. 1,
the time-interval calculation unit 106 can divide the total
transmit duration by the transmit interval. The time-interval
calculation unit 106 can round the quotient to the next highest
integer to determine the number of consecutive back-off
intervals. For example, if the transmit duration is 3 ms and the
TXOP limitis 2 ms, the time-interval calculation unit 106 can
determine that the network device 102 should implement two
consecutive back-off intervals. As discussed above, a com-
munication time slot may refer to the smallest unit of time for
which the network devices 102, 104, and 110 may transmit
data or defer transmission on the communication medium. In
the above example, if the back-off interval (selected at block
454) includes 7 communication time slots, the network
device 102 may defer transmission for 14 communication
time slots (i.e., two consecutive back-off intervals) before
attempting to gain control of the communication medium.
The total duration of the selected number of back-off intervals
may be referred to as the total back-off duration. For example,
the total back-off duration may include 2 back-off intervals if
the time-interval calculation unit 106 determines to imple-
ment 2 consecutive back-off intervals at block 456. The flow
continues at block 458.

At block 458, a back-off interval is initiated at the network
device. In some embodiments, the time-interval calculation
unit 106 can implement a back-oft timer that keeps track of
each back-off interval. The time-interval calculation unit 106
can store a value of the back-off interval in the back-off timer.
The time-interval calculation unit 106 can determine that one
back-off interval has elapsed after the back-off timer counts
down to zero. The flow continues at block 460.

At block 460, the network device determines whether the
back-off interval has elapsed. In some embodiments, the
time-interval calculation unit 106 can receive a notification
(e.g., an interrupt or a trigger signal) from the back-off timer
when the back-off interval elapses. In other embodiments, the
time-interval calculation unit 106 can periodically access the
back-off timer to determine whether the back-off interval has
elapsed. If the back-off interval has not elapsed, the flow
loops back to block 460, where the network device 102 waits
until the back-off interval elapses. If the back-off interval has
elapsed, the flow continues at block 462.

Atblock 462, it is determined whether the elapsed back-off
interval is an intermediate back-off interval. In some embodi-
ments, the time-interval calculation unit 106 may determine
whether the elapsed back-off interval is an intermediate back-
off interval and whether the total back-off duration has
elapsed as described above with reference to block 406 of
FIG. 4A. If the elapsed back-off interval is an intermediate
back-off interval (i.e., the total back-off duration has not
elapsed), the flow continues at block 466. Otherwise, if the
elapsed back-off interval is not an intermediate back-off inter-
val (e.g., the total back-off duration has elapsed), the flow
continues at block 464.

At block 464, if the elapsed back-off interval is not an
intermediate back-off interval, it is determined that the total
back-off duration is elapsed and the network device attempts
to gain control of the communication medium. In some
embodiments, if the elapsed back-off interval is not an inter-
mediate back-off interval, the time-interval calculation unit
106 can determine that the final/last back-off interval and the
total back-off duration have elapsed, as described above with
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reference to block 408 of FIG. 4A. Consequently, the time-
interval calculation unit 106 may notify the network device
102 (e.g., the transceiver unit 108) to contend for control of
the communication medium, if needed. After gaining control
of the communication medium, the transceiver unit 108 can
transmit data on the communication medium. From block
464, the flow loops back to block 452.

At block 466, if the elapsed back-off interval is an inter-
mediate back-off interval, the network device determines
whether transmissions are detected on the communication
medium. In some embodiment, the transceiver unit 108 can
monitor the communication medium for a predetermined
sensing time interval to determine whether there are trans-
missions on the communication medium, as described above
with reference to block 410 of FIG. 4A. If transmissions are
not detected on the communication medium, the flow contin-
ues at block 468. Otherwise, if transmissions are detected on
the communication medium, the flow continues at block 470.

At block 468, if transmissions are not detected on the
communication medium after the intermediate back-off inter-
val elapses, the length of the contention window is set to a
predetermined duration (e.g., a predetermined minimum
duration or a predetermined duration as determined by the
particular implementation or standard specifications). In
some embodiments, the time-interval calculation unit 106
may or may not modify the contention window if transmis-
sions are not detected on the communication medium, as
described above with reference to block 412 of FIG. 4A. The
flow then loops back to block 458, where the next back-off
interval with the appropriate duration is initiated. It is noted
that in some embodiments, the length of the contention win-
dow may be selected after initiating the next back-off interval
(e.g., while the next back-off interval is in progress). The
length of the back-off interval can be updated depending on
the selected length of the contention window.

At block 470, if transmissions are detected on the commu-
nication medium after the intermediate back-off interval
elapses, the contention window may be modified as if a col-
lision has occurred. In some embodiments, the time-interval
calculation unit 106 may employ various techniques to
modify the contention window if transmissions are detected
on the communication medium, as described above with ref-
erence to block 414 of FIG. 4A. Proceeding from block 470 to
block 458, the next back-off interval may be initiated. It is
noted that in some embodiments, the length of the contention
window may be selected after initiating the next back-off
interval (e.g., while the next back-off interval is in progress).
The length of the back-off interval can be updated depending
on the increased length of the contention window. While not
shown in FIG. 4B, the flow may end when no further back-off
intervals are to be initiated.

FIG. 5 depicts example timing diagrams of two network
devices that dynamically vary the total back-off duration in
the communication network. The timing diagram 500 depicts
transmission and back-off intervals of a first network device;
while the timing diagram 550 depicts transmission and back-
off intervals of a second network device. As depicted in the
timing diagram 500, the first network device gains control of
the communication medium and transmits data on the com-
munication medium. As depicted in FIG. 5, the first network
device transmits for a total transmit duration 502, which
spans three consecutive transmit intervals 504, 506, and 508
(depicted as TXOP in FIG. 5). The first network device deter-
mines a total back-oft duration 510 based, at least in part, on
the total transmit duration 502 and the transmit interval, as
described above using Eq. 1-Eq. 4. In FIG. 5, the first network
device determines that the total back-off duration 510 should
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span three consecutive back-off intervals. The first network
device can determine the duration of a back-off interval (e.g.,
based on the back-off contention window) and can defer
transmission for three consecutive back-off intervals 512,
514, and 516. In the timing diagram 500, the back-off inter-
vals 512 and 514 are each followed by additional back-off
intervals. Therefore, the back-off intervals 512 and 514 are
each referred to as an “intermediate back-off interval.”

Referring to the timing diagram 550 for the second network
device, the second network device may not initiate any trans-
missions and may not attempt to gain control of the commu-
nication medium while the first network device has control of
the communication medium (e.g., during the total transmit
duration 502). This is illustrated by the back-off interval 552
in the timing diagram 550. After the back-off interval 552
elapses, the second network device can attempt to gain con-
trol of the communication medium. In the timing diagram
550, the second network device gains control of the commu-
nication medium and transmits data for a transmit duration
that spans two transmit intervals 554 and 556. As similarly
discussed with reference to the first network device, after
transmitting the available/buffered data, the second network
device determines to implement two consecutive back-off
intervals 558 and 560.

Referring to the timing diagram 500 for the first network
device, after the total back-off duration 510 elapses, the first
network device can contend with other network devices for
control of the communication medium. In the timing diagram
500, the first network device gains control of the communi-
cation medium and transmits data for a duration that spans
two transmit intervals 518 and 520. As discussed above, after
transmitting the available/buffered data in the transmit inter-
vals 518 and 520, the first network device determines to
implement two consecutive back-off intervals 522 and 524.
The first network device determines a random back-off inter-
val and initiates the first back-off interval 522 with a duration
indicated by the back-off interval. Because the back-off inter-
val 522 is followed by another back-off interval 524, the
back-off interval 522 is an intermediate back-off interval.
After the intermediate back-off interval 522 elapses, the first
network device determines whether there are transmissions
from another network device on the communication medium.
In other words, the first network device may determine that
the back-off interval 522 has elapsed but the total back-off
duration 510 has not elapsed. Accordingly, the first network
device may determine whether to vary the duration of at least
one subsequent back-oft interval depending on whether there
are transmissions from another network device on the com-
munication medium. From the timing diagrams 500 and 550,
the beginning of transmit interval 562 (and consequently, a
transmission) of the second network device occurs at the end
of the intermediate back-off interval 522 of the first network
device. Therefore, the first network device operates as if a
collision has occurred and determines to increase the duration
of'the second back-off interval 524. As depicted in the timing
diagram 500, the duration of the second back-off interval 524
is greater than the duration of the first back-off interval 522. In
some embodiments, the duration of the second back-off inter-
val 524 can be twice the duration of the first back-off interval
522. In other embodiments, the duration of the second back-
off interval 524 can be greater than the duration of the first
back-off interval 522 by any suitable factor. In another
embodiment, the first network device can increase the length
of'the back-off contention window and determine an effective
back-off contention window, as described in Eq. 4. The first
network device can select a random value that lies between a
suitable lower limit (e.g., zero) and the effective back-off
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contention window. The first network device may initiate the
second back-off interval 524 for a number of communication
time slots that is equal to the random value that is selected
depending on the effective back-off contention window.

It should be understood that FIGS. 1-5 and the operations
described herein are examples meant to aid in understanding
embodiments and should not be used to limit embodiments or
limit scope of the claims. Embodiments may perform addi-
tional operations, fewer operations, operations in a different
order, operations in parallel, and some operations differently.
For example, although FIG. 2B describes the network device
102 determining the total transmit duration and the transmit
interval after the communications are transmitted, embodi-
ments are not so limited. In other embodiments, the network
device 102 can determine the total transmit duration and the
transmit interval before it starts transmitting data on the com-
munication medium. For example, the time-interval calcula-
tion unit 106 can determine the total transmit duration for the
network device 102 based, at least in part, on the amount of
buffered data at the network device 102. The time-interval
calculation unit 106 can also determine the transmit interval
based, at least in part, on the type/priority of the buffered data.

Although FIG. 4B depicts the network device 102 calcu-
lating the number of back-off intervals after selecting the
back-off interval (e.g., based on the back-off contention win-
dow), embodiments are not so limited. In other embodiments,
the time-interval calculation unit 106 can calculate the num-
ber of back-off intervals before selecting the back-off inter-
val. In some embodiments, the time-interval calculation unit
106 may select a predetermined back-off interval based, at
least in part, on the type and priority of the data that was
transmitted (or the buffered data).

In some embodiments, the time-interval calculation unit
106 can determine the number of additional/extra back-off
intervals that the network device 102 should implement. The
number of additional back-off intervals can be equal to the
number of transmit interval boundaries that were crossed
during the total transmit duration. Referring to the example
timing diagram 500 of FIG. 5, the total transmit duration 502
spans three transmit intervals 504, 506, and 508. In FIG. 5,
two transmit interval boundaries are crossed (i.e., at the inter-
face between the transmit intervals 504 and 506 and between
the transmit intervals 506 and 508) after the total transmit
duration 502 begins. Accordingly, the first network device
may implement two additional back-off intervals—for a total
of three consecutive back-off intervals 512, 514, and 516, as
depicted in FIG. 5.

In some embodiments, if the total transmit duration is less
than the transmit interval, the network device 102 may defer
transmission for a predetermined number of back-off inter-
vals. In one embodiment, the network device 102 may defer
transmission for at least one back-off interval if the total
transmit duration is less than the transmit interval. In other
embodiments, however, the network device 102 may defer
transmission for any suitable number of consecutive back-off
intervals (e.g., 2 consecutive back-off intervals) if the total
transmit duration is less than the transmit interval. In another
embodiment, the network device 102 may defer transmission
for less than one back-off interval if the total transmit duration
is less than the transmit interval.

In some embodiments, the time-interval calculation unit
106 can restrict the number of consecutive transmit intervals
during which the network device 102 can transmit on the
communication medium. Effectively, the time-interval calcu-
lation unit 106 can restrict the total transmit duration for
which the network device 102 can transmit communications
or restrict the amount of data that can be consecutively trans-
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mitted. For example, the time-interval calculation unit 106
may determine that the network device 102 may not transmit
for more than a maximum transmit duration or may not trans-
mit for more than a maximum number of consecutive transmit
intervals. This can ensure that the network device 102 does
not monopolize the communication medium after it gains
control of the communication medium. If the time-interval
calculation unit 106 determines that the amount of time
required to transmit the buffered data exceeds the maximum
transmit duration, the transceiver unit 108 may select a por-
tion of the buffered data that should be transmitted. The
portion of the buffered data may be selected based on the
priority/type of the buftered data, whether the data is time-
sensitive, the priority of the destination device, etc. For
example, the transceiver unit 108 may determine to transmit
the portion of data that is associated with the highest priority.
After transmitting the portion of data during the maximum
transmit duration, the network device 102 may initiate the
total back-off duration (e.g., a suitable number of consecutive
back-off intervals). After the total back-off duration elapses,
the transceiver unit 108 can contend for control of the com-
munication medium. The transceiver unit 108 can transmit
some/all of the remaining buffered data after the network
device 102 gains control of the communication medium. As
another example, it may be determined that the transmission
time associated with data scheduled to be transmitted from
the network device 102 exceeds the maximum transmit dura-
tion associated with the network device 102. Accordingly, the
network device 102 may transmit a first portion of the data for
the maximum transmit duration. The network device may
transmit a second portion of the data after the total back-off
duration associated with transmitting the first portion of the
data elapses. It is noted that the network device 102 may
select the first portion and the second portion of data using
any suitable techniques (e.g., priority of the data, latency
specifications of the data, on a first-in first-out basis, etc.).
Additionally, in some embodiments, the time-interval calcu-
lation unit 106 can restrict the total back-off duration for
which the network device 102 defers transmitting on the
communication medium and contending for control of the
communication medium. In some embodiments, the time-
interval calculation unit 106 can determine a maximum back-
off duration or a maximum contention window. In some
embodiments, the maximum back-off duration and the maxi-
mum contention window may be determined based, at leastin
part, on the maximum transmit duration.

In some embodiments, the time-interval calculation unit
106 may determine whether to cluster multiple consecutive
transmit intervals depending on the availability of buffered
data for transmission, the type and priority of data being
transmitted, etc. For example, if the data scheduled to be
transmitted is not time-sensitive data, the network device 102
may determine not to cluster multiple consecutive transmit
intervals.

FIGS. 3-5 describe operations for extending the duration of
the next back-off interval if a transmission is detected after an
intermediate back-off interval elapses. However, various
other embodiments are possible. In one embodiment, after the
intermediate back-off interval elapses, the network device
102 may increase the duration of one subsequent back-off
interval. For example, consider the timing diagram 500 where
the network device 102 determines to implement three con-
secutive back-off intervals 512, 514, and 516. In this example,
if a transmission is detected after the intermediate back-off
interval 512 elapses, the network device 102 may only
increase the duration of the next back-off interval 514 and
may not increase the duration of the back-off interval 516.
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After the intermediate back-off interval 514 elapses, the net-
work device 102 may sense the communication medium
again and determine whether to increase the duration of the
back-off interval 516. If a transmission is detected after the
intermediate back-off interval 514 eclapses, the network
device 102 may increase the duration of the next back-off
interval 516. However, if no transmissions are detected after
the intermediate back-off interval 514 elapses, the network
device 102 may not increase the duration of the next back-off
interval 516. In other words, the duration of the back-off
interval 516 may be the same as the duration of the initial
back-off interval 512. In another embodiment, after the inter-
mediate back-off interval elapses, the network device 102
may increase the duration of all the subsequent back-off
intervals. For example, consider the timing diagram 500
where the network device 102 determines to implement three
consecutive back-off intervals 512, 514, and 516. In this
example, if a transmission is detected after the intermediate
back-off interval 512 elapses, the network device 102 may
increase the duration of the subsequent back-off intervals 514
and 516. Furthermore, after the intermediate back-off interval
514 elapses, the network device 102 may sense the commu-
nication medium again and determine whether to further
increase the duration of the back-off interval 516. For
example, the network device 102 may initially determine to
implement three back-off intervals 512, 514, and 516, each
having a duration of 2 ms. If a transmission is detected after
the back-off interval 512 elapses, the network device 102 may
increase the duration of each of the subsequent back-off inter-
vals 514 and 516 to 4 ms. If atransmission is detected after the
back-off interval 514 elapses, the network device 102 may
further increase the duration of the back-off interval 516 to 8
ms.

As will be appreciated by one skilled in the art, aspects of
the present inventive subject matter may be embodied as a
system, method, or computer program product. Accordingly,
aspects of the present inventive subject matter may take the
form of an entirely hardware embodiment, a software
embodiment (including firmware, resident software, micro-
code, etc.) or an embodiment combining software and hard-
ware aspects that may all generally be referred to herein as a
“circuit,” “module” or “system.” Furthermore, aspects of the
present inventive subject matter may take the form of a com-
puter program product embodied in one or more computer
readable medium(s) having computer readable program code
embodied thereon.

Any combination of one or more non-transitory computer
readable medium(s) may be utilized. Non-transitory com-
puter-readable media comprise all computer-readable media,
with the sole exception being a transitory, propagating signal.
The non-transitory computer readable medium may be a
computer readable storage medium. A computer readable
storage medium may be, for example, but not limited to, an
electronic, magnetic, optical, electromagnetic, infrared, or
semiconductor system, apparatus, or device, or any suitable
combination of the foregoing. More specific examples (a
non-exhaustive list) of the computer readable storage
medium would include the following: an electrical connec-
tion having one or more wires, a portable computer diskette,
a hard disk, a random access memory (RAM), a read-only
memory (ROM), an erasable programmable read-only
memory (EPROM or Flash memory), an optical fiber, a por-
table compact disc read-only memory (CD-ROM), an optical
storage device, a magnetic storage device, or any suitable
combination of the foregoing. In the context of this document,
a computer readable storage medium may be any tangible
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medium that can contain, or store a program for use by or in
connection with an instruction execution system, apparatus,
or device.

Computer program code embodied on a computer readable
medium for carrying out operations for aspects of the present
inventive subject matter may be written in any combination of
one or more programming languages, including an object
oriented programming language such as Java, Smalltalk, C++
or the like and conventional procedural programming lan-
guages, such as the “C” programming language or similar
programming languages. The program code may execute
entirely on the user’s computer, partly on the user’s computer,
as a stand-alone software package, partly on the user’s com-
puter and partly on a remote computer or entirely on the
remote computer or server. In the latter scenario, the remote
computer may be connected to the user’s computer through
any type of network, including a local area network (LAN) or
a wide area network (WAN), or the connection may be made
to an external computer (for example, through the Internet
using an Internet Service Provider).

Aspects of the present inventive subject matter are
described with reference to flowchart illustrations and/or
block diagrams of methods, apparatus (systems) and com-
puter program products according to embodiments of the
inventive subject matter. It will be understood that each block
of'the flowchart illustrations and/or block diagrams, and com-
binations of blocks in the flowchart illustrations and/or block
diagrams, can be implemented by computer program instruc-
tions. These computer program instructions may be provided
to a processor of a general purpose computer, special purpose
computer, or other programmable data processing apparatus
to produce a machine, such that the instructions, which
execute via the processor of the computer or other program-
mable data processing apparatus, create means for imple-
menting the functions/acts specified in the flowchart and/or
block diagram block or blocks.

These computer program instructions may also be stored in
a computer readable medium that can direct a computer, other
programmable data processing apparatus, or other devices to
function in a particular manner, such that the instructions
stored in the computer readable medium produce an article of
manufacture including instructions which implement the
function/act specified in the flowchart and/or block diagram
block or blocks.

The computer program instructions may also be loaded
onto a computer, other programmable data processing appa-
ratus, or other devices to cause a series of operational steps to
be performed on the computer, other programmable appara-
tus or other devices to produce a computer implemented
process such that the instructions which execute on the com-
puter or other programmable apparatus provide processes for
implementing the functions/acts specified in the flowchart
and/or block diagram block or blocks.

FIG. 6 is a block diagram of one embodiment of an elec-
tronic device 600 including a mechanism for flexible trans-
mission and back-off intervals. In some embodiments, the
electronic device 600 can be a laptop computer, a tablet com-
puter, a netbook, a mobile phone, a smart appliance, a wear-
able device, a gaming console, a desktop computer, a network
bridge device, or other suitable electronic device including
communication capabilities. For example, the electronic
device 600 can be a WL AN device that implements WLAN
communication protocols for communicating over a WLAN
communication medium. The electronic device 600 includes
aprocessor unit 602 (possibly including multiple processors,
multiple cores, multiple nodes, and/or implementing multi-
threading, etc.). The electronic device 600 includes a memory
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unit 606. The memory unit 606 may be system memory (e.g.,
one or more of cache, SRAM, DRAM, zero capacitor RAM,
Twin Transistor RAM, eDRAM, EDO RAM, DDR RAM,
EEPROM, NRAM, RRAM, SONOS, PRAM, etc.) or any one
or more of the above already described possible realizations
of computer-readable storage media. The electronic device
600 also includes a bus 610 (e.g., PCI, ISA, PCI-Express,
HyperTransport®, InfiniBand®, NuBus, AHB, AXI, etc.)
and network interfaces 604. The processor unit 602, the
memory unit 606, and the network interfaces 604 are coupled
to the bus 610. The network interfaces 604 include a wireless
network interface (e.g., a WLAN interface, a Bluetooth inter-
face, a WiMAX interface, a ZigBee® interface, a Wireless
USB interface, etc.) and/or a wired network interface (e.g., a
powerline communication interface, an Ethernet interface,
etc.). Furthermore, in some embodiments, the electronic
device 600 can execute an IEEE Std. 1905.1 protocol for
implementing hybrid communication functionality.

The electronic device 600 also includes a communication
unit 608. The communication unit 608 includes a time-inter-
val calculation unit 612 and a transceiver unit 614. As dis-
cussed above with reference to FIGS. 1-5, the time-interval
calculation unit 612 can execute functionality to determine a
back-off duration for the electronic device 600 based, at least
in part, on a transmit duration for which the electronic device
600 had control of the communication medium. Any one of
these functionalities may be partially (or entirely) imple-
mented in hardware and/or on the processor unit 602. For
example, the functionality may be implemented with an
application specific integrated circuit (ASIC), in logic imple-
mented in the processor unit 602, in a co-processor on a
peripheral device or card, etc. In some embodiments, the
communication unit 608 can be implemented on a system-
on-a-chip (SoC), an ASIC, or another suitable integrated cir-
cuit to enable communications of the electronic device 600.
In some embodiments, the communication unit 608 may
include additional processors and memory, and may be
implemented in one or more integrated circuits on one or
more circuit boards of the electronic device 600. Further,
realizations may include fewer or additional components not
illustrated in FIG. 6 (e.g., video cards, audio cards, additional
network interfaces, peripheral devices, etc.). For example, in
addition to the processor unit 602 coupled with the bus 610,
the communication unit 608 may include at least one addi-
tional processor unit. As another example, although illus-
trated as being coupled to the bus 610, the memory unit 606
may be coupled to the processor unit 602.

While the embodiments are described with reference to
various implementations and exploitations, it will be under-
stood that these embodiments are illustrative and that the
scope of the inventive subject matter is not limited to them. In
general, techniques for flexible transmission and back-off
intervals in a network device as described herein may be
implemented with facilities consistent with any hardware
system or hardware systems. Many variations, modifications,
additions, and improvements are possible.

Plural instances may be provided for components, opera-
tions, or structures described herein as a single instance.
Finally, boundaries between various components, operations,
and data stores are somewhat arbitrary, and particular opera-
tions are illustrated in the context of specific illustrative con-
figurations. Other allocations of functionality are envisioned
and may fall within the scope of the inventive subject matter.
In general, structures and functionality presented as separate
components in the exemplary configurations may be imple-
mented as a combined structure or component. Similarly,
structures and functionality presented as a single component
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may be implemented as separate components. These and
other variations, modifications, additions, and improvements
may fall within the scope of the inventive subject matter.
What is claimed is:
1. A method of communication by a network device, com-
prising:
determining, at the network device, a total back-off dura-
tion for the network device based, at least in part, on a
total transmit duration for transmitting data from the

network device on a communication medium and a pre- 10

determined transmit interval; and

initiating the total back-off duration to prevent the network
device from transmitting on the communication medium
during the total back-off duration.

2. The method of claim 1, further comprising:

determining the total transmit duration at the network

device,

wherein said determining the total back-off duration is in

response to determining that the total transmit duration
exceeds the predetermined transmit interval.

3. The method of claim 1, further comprising:

determining the predetermined transmit interval based, at

least in part, on a priority level associated with data
transmitted by the network device.

4. The method of claim 1, wherein the total transmit dura-
tion is a multiple of the predetermined transmit interval.

5. The method of claim 1, wherein the total back-off dura-
tion is a multiple of a predetermined back-off interval asso-
ciated with data transmitted by the network device.

6. The method of claim 1, further comprising:

selecting a back-off interval based, at least in part, on a

back-off contention window associated with the net-
work device, wherein the back-off contention window
represents a maximum number of communication time
slots for which the network device defers data transmis-
sion on the communication medium.

7. The method of claim 1, wherein said determining the
total back-off duration for the network device comprises:

determining a number of back-offintervals to implement at

the network device based, at least in part, on a ratio of the
total transmit duration and the predetermined transmit
interval; and

determining the total back-off duration based, at least in

part, on the number of back-off intervals.

8. The method of claim 1, wherein said initiating the total
back-off duration at the network device comprises:

determining whether a first back-off interval that was ini-

tiated at the network device has elapsed;

if determined that the first back-off interval has elapsed,

determining whether the total back-off duration includes
the first back-oft interval followed by a second back-
off interval; and

if determined that the total back-off duration includes the

first back-off interval followed by the second back-off

interval,

determining whether a transmission initiated by another
network device is detected on the communication
medium.

9. The method of claim 8, further comprising:

determining whether to vary a duration of the second back-

off interval based, at least in part, on whether the trans-
mission initiated by another network device is detected
on the communication medium.

10. The method of claim 9, further comprising:

increasing a length of a back-off contention window used

for determining the second back-off interval with
respect to a back-off contention window used for deter-
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mining the first back-off interval if the transmission is
detected on the communication medium; and

determining to set the length of the back-oft contention
window used for determining the second back-off inter-
val to a predetermined length if no transmissions are
detected on the communication medium.

11. The method of claim 1, wherein said determining the
total back-off duration for the network device comprises:

determining a new back-off contention window associated

with the network device based on at least one member
selected from the group consisting of a current back-oft
contention window, the total transmit duration, and the
predetermined transmit interval, wherein the new back-
off contention window represents a maximum number
of communication time slots for which the network
device defers data transmission on the communication
medium; and

determining the total back-off duration based, at least in

part, on the new back-off contention window.

12. The method of claim 1, further comprising:

determining that the total back-off duration has elapsed at

the network device; and

transmitting at least one message to gain control of the

communication medium in response to determining that
the total back-off duration has elapsed.

13. The method of claim 1, wherein said determining the
total back-off duration for the network device comprises:

determining a number of consecutive back-off intervals to

implement at the network device based, at least in part,
on the total transmit duration and the predetermined
transmit interval.

14. A network device comprising:

a processor unit; and

a time-interval calculation unit coupled with the processor

unit, the time-interval calculation unit configured to:

determine a total back-off duration for the network
device based, at least in part, on a total transmit dura-
tion for transmitting data from the network device on
a communication medium and a predetermined trans-
mit interval; and

initiate the total back-off duration to prevent the network
device from transmitting on the communication
medium during the total back-off duration.

15. The network device of claim 14, wherein the time-
interval calculation unit is further configured to:

determine the total transmit duration,

wherein the time-interval calculation unit configured to

determine the total back-oft duration is in response to
determining that the total transmit duration exceeds the
predetermined transmit interval.

16. The network device of claim 14, wherein the time-
interval calculation unit is further configured to:

select a back-off interval based, at least in part, on a back-

off contention window associated with the network
device, wherein the back-off contention window repre-
sents a maximum number of communication time slots
for which the network device defers data transmission
on the communication medium.

17. The network device of claim 14, wherein the time-
interval calculation unit configured to determine the total
back-off duration for the network device comprises the time-
interval calculation unit configured to:

determine a number of back-off intervals to implement at

the network device based, at least in part, on a ratio of the
total transmit duration and the predetermined transmit
interval; and
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determine the total back-off duration based, at least in part,

on the number of back-off intervals.

18. The network device of claim 14, wherein the time-
interval calculation unit configured to initiate the total back-
off duration at the network device comprises the time-interval
calculation unit configured to:

determine whether a first back-off interval that was initi-

ated at the network device has elapsed; and

if determined that the first back-off interval has elapsed and

that a second back-off interval follows the first back-off

interval,

determine whether to vary a duration of the second back-
off interval based, at least in part, on whether a trans-
mission initiated by another network device is
detected on the communication medium, wherein the
total back-off duration includes the first back-off
interval and the second back-off interval.

19. The network device of claim 18, wherein the time-
interval calculation unit is further configured to:

increase a length of a back-off contention window used for

determining the second back-off interval with respect to
a back-off contention window used for determining the
first back-off interval if the transmission is detected on
the communication medium; and

determine to set the length of the back-off contention win-

dow used for determining the second back-off interval to
a predetermined length if no transmissions are detected
on the communication medium.

20. The network device of claim 14, wherein the time-
interval calculation unit configured to determine the total
back-off duration for the network device comprises the time-
interval calculation unit configured to:

determine a new back-off contention window associated

with the network device based on at least one member
selected from the group consisting of a current back-oft
contention window, the total transmit duration, and the
predetermined transmit interval, wherein the new back-
off contention window represent a maximum number of
communication time slots for which the network device
defers data transmission on the communication
medium; and

determine the total back-off duration based, at least in part,

on the new back-off contention window.

21. A non-transitory machine-readable storage medium
having machine executable instructions stored therein, the
machine executable instructions comprising instructions to:

determine, at a network device, a total back-off duration for

the network device based, at least in part, on a total
transmit duration for transmitting data from the network
device on a communication medium and a predeter-
mined transmit interval; and

initiate the total back-off duration at the network device to

prevent the network device from transmitting on the
communication medium during the total back-off dura-
tion.

22. The non-transitory machine-readable storage medium
of claim 21, wherein said instructions further comprise
instructions to:

determine the total transmit duration at the network device,

wherein said instructions to determine the total back-off

duration is in response to determining that the total
transmit duration exceeds the predetermined transmit
interval.

23. The non-transitory machine-readable storage medium
of claim 21, wherein said instructions further comprise
instructions to:
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select a back-off interval based, at least in part, on a back-
off contention window associated with the network
device, wherein the back-off contention window repre-
sents a maximum number of communication time slots
for which the network device defers data transmission
on the communication medium.

24. The non-transitory machine-readable storage medium
of claim 21, wherein said instructions to determine the total
back-off duration for the network device comprise instruc-
tions to:

determine a number of back-off intervals to implement at

the network device based, at least in part, on a ratio of the
total transmit duration and the predetermined transmit
interval; and

determine the total back-off duration based, at least in part,

on the number of back-off intervals.

25. The non-transitory machine-readable storage medium
of claim 21, wherein said instructions to initiate the total
back-off duration for the network device comprise instruc-
tions to:

determine whether a first back-off interval that was initi-

ated at the network device has elapsed; and

if determined that the first back-oft interval has elapsed and

that a second back-off interval follows the first back-off

interval,

determine whether to vary a duration of the second back-
off interval based, at least in part, on whether a trans-
mission initiated by another network device is
detected on the communication medium, wherein the
total back-off duration includes the first back-off
interval and the second back-off interval.

26. The non-transitory machine-readable storage medium
of claim 21, wherein said instructions to determine the total
back-off duration for the network device comprise instruc-
tions to:

determine a new back-off contention window associated

with the network device based on at least one member
selected from the group consisting of a current back-oft
contention window, the total transmit duration, and the
predetermined transmit interval, wherein the new back-
off contention window represent a maximum number of
communication time slots for which the network device
defers data transmission on the communication
medium; and

determine the total back-off duration based, at least in part,

on the new back-off contention window.

27. A network device comprising:

means for determining a total back-off duration for the

network device based, at least in part, on a total transmit
duration for transmitting data from the network device
on a communication medium and a predetermined trans-
mit interval; and

means for initiating the total back-off duration to prevent

the network device from transmitting on the communi-
cation medium during the total back-off duration.

28. The network device of claim 27, further comprising:

means for selecting a back-off interval based, at least in

part, on a back-off contention window associated with
the network device, wherein the back-off contention
window represents a maximum number of communica-
tion time slots for which the network device defers data
transmission on the communication medium.

29. The network device of claim 27, wherein said means for
determining the total back-off duration for the network device
comprise:

means for determining a number of back-off intervals to

implement at the network device based, at least in part,
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on a ratio of the total transmit duration and the predeter-
mined transmit interval; and

means for determining the total back-off duration based, at

least in part, on the number of back-off intervals.

30. The network device of claim 27, wherein said means for 5
initiating the total back-off duration for the network device
comprise:

means for determining whether a first back-off interval that

was initiated at the network device has elapsed;

if determined that the first back-off interval has elapsed, 10

means for determining whether the total back-off dura-
tion includes the first back-off interval followed by a
second back-off interval; and

if determined that the total back-off duration includes the

first back-off interval followed by the second back-off 15

interval,

means for determining whether to vary a duration of the
second back-off interval based, at least in part, on
whether a transmission initiated by another network
device is detected on the communication medium, 20
wherein the total back-off duration includes the first
back-off interval and the second back-off interval.
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